We present a set of treatment techniques for GMOS/IFU data cubes, including: correction of the differential atmospheric refraction; Butterworth spatial filtering, to remove high spatial-frequency noise; instrumental fingerprint removal; Richardson-Lucy deconvolution, to improve the spatial resolution of the observations. A comparison with HST images shows that the treatment techniques preserve the morphology of the spatial structures in the data cubes, without introducing distortions or ghost features. The treatment procedure applied to the data cube of the central region of the late-type galaxy NGC 2835 allowed the detection of a nuclear emitting region with emission-line ratios indicating a probable LINER, although the classifications of Transition Object or Seyfert galaxy cannot be discarded. Such a detection was not possible without the data treatment. This shows that the benefits provided by this treatment procedure are not merely cosmetic, but actually affect the quality of different types of analyses, like the determination of the fraction of galaxies, of different morphological types, with a central Seyfert/LINER/Transition object emission.
INTRODUCTION
Analyses of astronomical objects involving both spatial and spectral information have become possible with the introduction of data cubes, which are data sets with two spatial dimensions and one spectral dimension. Data cubes show images at different wavelengths or spectra of different spatial regions and can be obtained with instruments like Integral Field Spectrographs or Fabry-Perot spectrographs. Two examples of Integral Field Spectrographs are the Spectroscopic Areal Unit for Research on Optical Nebulae (SAURON; Bacon et al. 2001 ) and the Pmas fibre PAcK (PPAK) Integral Field Unit (IFU), used for the Calar Alto Legacy Integral Field Area (CALIFA; Sánchez et al. 2012) . Data cubes contain a large amount of information but can also contain instrumental effects like high spatial-frequency noise, for example. Such effects can have a significant impact on the re-⋆ E-mail: roberto.menezes@ufabc.edu.br sults obtained with the performed analyses and, therefore, should be removed.
The Gemini Multi-Object Spectrograph (GMOS) at the Gemini-North and Gemini-South telescopes provides longslit and multi-slit spectral observations in the wavelength range of 3600 -9400Å. Each of these instruments has also an IFU (Allington-Smith et al. 2002) , which performs 3D spectroscopy, resulting in seeing-limited data cubes. The GMOS/IFU has two fields of view (FOVs): one for the science observation and the other for the sky observation. In the two-slit mode, the science FOV has 5 arcsec × 7 arcsec and is sampled by 1000 lenslets (each one with a diameter of 0.2 arcsec), while the sky FOV (at 1 arcmin from the science FOV) has 5 arcsec × 3.5 arcsec and is sampled by 500 lenslets. The incident light passes to 1000 fibres (each one connected to a lenslet) and is conducted to a group of slits, where it is dispersed and originates the spectra, which are recorded in the detector. The functioning of this instrument is entirely analogous in the one-slit mode but, in this case, the science FOV has 5 arcsec × 3.5 arcsec, being sampled by 500 lenslets, and the sky FOV has 5 arcsec × 1.75 arcsec, being sampled by 250 lenslets. The one-slit mode results in a spectral coverage with ∼ 2000 − 3000Å, depending on the grating used for the observation and it has half of the spectral coverage of the one-slit mode. This is the third and final paper of a series in which we describe a treatment methodology to be applied to data cubes. We presented treatment procedures for data cubes obtained with the Near-Infrared Integral Field Spectrograph (NIFS; McGregor et al. 2003) and with the Spectrograph for Integral Field Observations in the Near Infrared (SINFONI; Eisenhauer et al. 2003; Bonnet et al. 2004 ) in Menezes, Steiner & Ricci (2014a, hereafter Paper I) and in Menezes et al. (2015, hereafter Paper II) , respectively. In this work, we discuss the procedures used to treat data cubes obtained with the GMOS/IFU. Similarly to the procedures described in Paper I and Paper II, the methodologies presented in this work were applied using scripts written in Interactive Data Language 1 (idl). In Section 2, we give observational details of the data cubes used to illustrate the different treatment procedures in this work. In Section 3, we discuss the effect of the differential atmospheric refraction (DAR) on GMOS/IFU data cubes and how it can be removed. In Section 4, we present the Butterworth spatial filtering, used to remove high spatial-frequency noise from the data cubes. A characteristic 'instrumental fingerprint', which is usually present in GMOS/IFU data cubes, together with the procedure used to remove it, is described in Section 5. In Section 6, we discuss the Richardson-Lucy deconvolution and the improvement in the spatial resolution of GMOS/IFU data cubes obtained with this procedure. In Section 7, we compare the spatial morphologies of the treated data cubes of the central regions of a few nearby galaxies with those of Hubble Space Telescope (HST ) images of these objects. In Section 8, in order to provide a scientific example of the importance of our treatment procedures, we analyse the data cube of the nuclear region of the galaxy NGC 2835 before and after the treatment. In Section 9, we summarize the steps of the treatment and draw our conclusions.
1 http://www.exelisvis.com/ProductsServices/IDL.aspx
OBSERVATIONS AND DATA REDUCTION
The details of all the observations used in this paper are shown in Table 1 . The data cube of the star HZ 44, retrieved from the Gemini Science Archive, is used throughout the paper to show the effects of the following treatment procedures: correction of the DAR, Butterworth spatial filtering and Richardson-Lucy deconvolution. The removal of the instrumental fingerprint, which is clearly visible only in data cubes of extended sources and not of point-like objects like stars, is illustrated using the data cubes of the central regions of the galaxies NGC 157, NGC 1316, and NGC 1399. In order to evaluate the reliability of our treatment methodology in preserving the spatial morphology of the objects, without introducing distortions in the images for example, we compared images of the data cubes of the central regions of NGC 1313, NGC 5236, and NGC 7424 with HST images of these objects with the same FOV. Finally, as mentioned before, the analysis of the data cube of the central region of NGC 2835 was used as a scientific example demonstrating the importance of our treatment procedures. The standard star LTT 1020 was used for the flux calibration of the data cubes of NGC 1313 and NGC 1316, in two different programmes. The standard stars LTT 3218, LTT 7379, LTT 9239, and LTT 2415 were used for the flux calibration of the data cubes of NGC 5236, NGC 7424, NGC 1399, and NGC 157, respectively.
Bias, GCAL-flat, twilight flat, and CuAr lamp images were obtained for the data reduction, which was performed in IRAF environment, with the gemini package. First, trimming and bias subtraction were performed. The cosmic rays were removed using the L. A. Cosmic routine (van Dokkum 2001) . After that, a correction of bad pixels was applied and the spectra were extracted. Then the spectra were corrected for gain variations along the spectral pixels, with response curves provided by the GCAL-flat images, and for gain variations along the fibres, with response maps obtained from the twilight flat images. The wavelength calibration was performed using the CuAr lamp images. In order to remove the sky emission, the average spectrum of the sky FOV was subtracted from the science data. Finally, using the observed standard stars, the data were flux calibrated, taking into account the atmospheric extinction, and the data cubes were constructed with spatial pixels (spaxels) of 0.05 arcsec. The collapsed image and the average spectrum of the reduced data cube of HZ 44 are shown in Fig. 1 .
CORRECTION OF THE DAR
The correction of the DAR is the first step in the treatment of GMOS/IFU data cubes. As explained in Paper I, this effect generates a spatial displacement of the observed structures along the spectral axis of the data cubes. For a detailed description of this effect, see Paper I and also Bönsch & Potulski (1998) and Filippenko (1982) . The DAR effect is considerably more intense in the optical than in the near infrared. As a consequence, the impact of this effect on GMOS/IFU data cubes is much more significant than on NIFS or SINFONI data cubes.
The star HZ 44 was observed at high airmass (X = 1.303). Fig. 2 shows graphs of the coordinates Xc and Yc of the centre of the star HZ 44 as a function of the wavelength. These coordinates were obtained from images of the data cube at certain wavelength intervals, with 15Å each. The wavelength values in the graphs in Fig. 2 correspond to the mean values in each one of these intervals. We can see that the total spatial displacement of the star HZ 44 is ∼ 0.05 and ∼ 0.46 arcsec along the horizontal and vertical axes, respectively. In nights with very good seeing conditions, point spread functions (PSFs) with full width at halfmaximum (FWHM) values in the range of 0.4 -0.5 arcsec can be obtained for GMOS/IFU data cubes. The spatial displacements caused by the DAR effect can be larger than the FWHM of the typical PSFs of such data cubes and, therefore, can affect the analysis. However, even in cases when the total spatial displacement caused by the DAR is smaller than the size of the PSF, it is advisable to apply the correction of this effect. The spatial displacement caused by the DAR in the data cube of HZ 44 can be seen very clearly in the RGB composite image in Fig. 3 , which shows images at different wavelength ranges.
As explained in Paper I and Paper II, we use two methods for removing the DAR effect: the practical and theoretical approaches. In the practical approach, the coordinates of the centres of a given spatial structure are measured as a function of the wavelength (as shown in the graphs in Fig. 2 ). Then, third-degree polynomials are fitted to the points. Finally, we use a script that shifts each image of the data cube according to the values given by the fitted polynomials. In the theoretical approach, we use the equations of the DAR effect to apply the shifts to the images of the data cube. Such equations may assume a plane-parallel atmosphere (Bönsch & Potulski 1998) or take into account the curvature of the Earth's atmosphere (task 'refro' from the 'slalib' package); however, we verified that, in the case of GMOS/IFU data cubes, the results obtained considering the curvature of the atmosphere are entirely compatible with those obtained with a plane-parallel atmosphere. So, for simplicity, we will only use the DAR theoretical equations in this work assuming a plane-parallel atmosphere. The third-degree polynomials fitted to the points corresponding to the coordinates of the centres of HZ 44, together with the predictions obtained with the theoretical equations, are shown in Fig. 2 . In the graph of Yc × λ, the theoretical curve and the fitted third-degree polynomial are nearly coincident and both reproduce precisely the behaviour of the observed points. In the graph of Xc × λ, the theoretical curve is not exactly coincident with the fitted polynomial but it is compatible with the observed points, at a 1σ level. We analysed the data cubes of many other stars observed with the GMOS/IFU and obtained similar results. Therefore, we conclude that both the theoretical and practical approaches are effective in reproducing the spatial displacements caused by the DAR in GMOS/IFU data cubes and can be used for the removal of this effect. It is worth mentioning that the practical approach can only be applied to data cubes in which the coordinates of a centroid can be determined with good precision.
We corrected the data cube of HZ 44 for the DAR effect, using the practical approach. The graphs of the coordinates Xc and Yc as a function of the wavelength, after the correction of the DAR, are shown in Fig. 2 . The expected coordinates Xc and Yc for the centre of HZ 44, after the correction, are 32.5 and 42.5, respectively; therefore, based on the graphs, it is easy to see the great efficiency of our method for correcting the DAR, which resulted in a precision, 1σ, of ∼ 1 mas for Xc and ∼ 2 mas for Yc. Such an efficiency can also be seen in the RGB composite image in Fig. 3 , with images at different wavelength ranges from the DAR corrected data cube. We verified that our algorithm for the DAR correction usually results in precisions between 1 and 10 mas for GMOS/IFU data cubes. It is important to mention that our purpose here is only to emphasize the importance to apply the correction of the DAR in GMOS/IFU data cubes before any analysis is performed. Although we used our algorithm to describe the procedure, there are other precise algorithms that can also be used. One example is the gfcube task in the gemini iraf package, which constructs the data cube, at the end of the reduction, and may also correct the effect of the DAR.
BUTTERWORTH SPATIAL FILTERING
In situations when there is more than one exposure of the object that will be analysed, it is advisable to combine such exposures, in the form of a median, after the correction of the DAR effect, in order to remove possible cosmic rays or bad pixels that were not removed during the reduction. Since we retrieved only one exposure of the star HZ 44, this procedure was not applied. The next step in our treatment procedure of GMOS/IFU data cubes is the Butterworth spatial filtering (Gonzalez & Woods 2002) , which removes, directly in the frequency domain, high spatial-frequency components from the images of the data cubes. As shown in equation (7) in Paper I, the Butterworth filter has two parameters: the cut-off frequency, D0, and the order of the filtering, n. D0 corresponds to the frequency at which the filter has a value of 0.5. On the other hand, the order n indicates how steep is the profile of filter (the higher is n, the steeper is the filter).
It would be intuitive to construct GMOS/IFU data cubes with spaxels of 0.2 arcsec, which is the same size of the lenslets that sample the science FOV of the instrument. However, as mentioned in Section 2, we constructed the data cubes with spaxels of 0.05 arcsec. In other words, a spatial resampling was applied during the construction of the data cubes, at the end of the reduction. The reason for this procedure is that smaller spaxels improve the visualization of the contours of the spatial structures. In addition, the Richardson-Lucy deconvolution results in better spatial resolutions when applied to images with smaller spaxels (see Section 6). As explained in Papers I and II, any spatial resampling introduces high-frequency components. Therefore, although most of the high spatial-frequency components observed in GMOS/IFU data cubes probably represent an instrumental effect, at least part of these structures may have been introduced by the spatial resampling. In order to evaluate that, we calculated the Fourier transforms of images, at an intermediate wavelength, of the data cubes of HZ 44 with spaxels of 0.2 arcsec (without any spatial resampling) and with spaxels of 0.05 arcsec (after the spatial resampling). The moduli of these Fourier transforms are shown in Fig. 4 . The high spatial-frequency components introduced by the resampling appear as bright areas farther from the centre of the image.
In order to visualize in more detail the high spatialfrequency components in the data cube of HZ 44, we applied a wavelet decomposition (Starck & Murtagh 2006) , using theÀ Trous algorithm. This process decomposes a signal in components with different frequencies. More specifically, theÀ Trous algorithm generates five components, which are usually called w0, w1, w2, w3, and w4 (w0 and w4 being the components with the highest and the lowest spatial frequencies, respectively), and also a smooth version of the original signal (wc). The average of each component is 0 and the original signal can be recovered by adding all the wavelet components and wc. In this case, the wavelet decomposition was applied to each image of the data cube, which resulted in six wavelet data cubes (W0, W1, W2, W3, W4, and WC). For more details of the wavelet decomposition, see Paper I. Fig. 5 shows images, at an intermediate wavelength, of the wavelet data cubes of HZ 44. The high spatial-frequency components are evident in the W0 data cube and compromise significantly the visualization of the star. Such components are much less intense in the W1 data cube and are essentially absent in the W2 data cube. The dark ring, containing negative values, in the images is a typical feature of wavelet decompositions obtained with this method and tends to appear around every point-like source in the image. It is a natural consequence of the fact that the average of each wavelet component is 0.
Considering the morphology of the Fourier transforms of the images of GMOS/IFU data cubes, we conclude that one possible approach is to apply the Butterworth spatial filtering using an elliptical filter, which is the same filter shape we adopted for the filtering of SINFONI data cubes (see Paper II). The general formula of an elliptical Butterworth filter, with cut-off frequencies of a and b, along the horizontal and vertical axes, respectively, is given by equation (1) in Paper II. On the other hand, we also verified that the filtering process can be a lot simplified by assuming a simple circular filter (a = b), as the results do not show measurable differences relative to the ones obtained with a = b.
In order to evaluate the most adequate value for the order of the filtering of GMOS/IFU data cubes, we applied the Butterworth spatial filtering to the W0 data cube of HZ 44, using circular filters with a constant cut-off frequency of 0.16 Ny (as determined from the obtained Fourier transforms - Fig. 4 ) and different values of n. It is worth mentioning that Ny is the Nyquist frequency, which is equal to half of the sampling frequency of the image. Images, at an intermediate wavelength, of the obtained filtered W0 data cubes are shown in Fig. 6 . All the images reveal a considerable improvement of the visualization of the central star, due to high-frequency noise removed by the filtering procedure. On the other hand, higher values of n generate concentric "ring-like" structures around the central star. These "rings" are almost absent for n = 2 but become more intense for n 3. Similar features, but with a relatively different morphology, were also detected in Papers I and II, when the Butterworth spatial filtering, with high orders, was applied to NIFS and SINFONI data cubes, respectively. The explanation for this behaviour is the same one that was discussed in these previous works and involves the convolution theorem, which states that the product between two functions in the frequency domain is equivalent to the convolution between these functions in the spatial domain. Therefore, the process of the Butterworth spatial filtering of a data cube is equivalent to the convolution between each image of the data cube and the inverse Fourier transform of the filter. Fig. 7 shows images corresponding to the moduli of the inverse Fourier transforms of the filters, with n = 2, 4 and 6, used for the Butterworth spatial filtering of the W0 data cube of HZ 44. The concentric rings appear very clearly in the inverse Fourier transforms of filters with n > 2. Therefore, we conclude that the concentric rings in the images of the W0 data cubes filtered with orders higher than 2 are due to the fact that the inverse Fourier transforms of these highorder filters also show concentric rings. Since these inverse Fourier transforms, according to the convolution theorem, are convolved with the images of the data cube when the Butterworth spatial filtering is applied, the concentric rings end up being introduced in the images.
Based on the results above, the Butterworth spatial filtering with n = 2 is the most adequate to be applied to GMOS/IFU data cubes. However, one disadvantage of a low-order filter is that, due to the fact that its profile is less steep, it removes less noise than a high-order filter. As explained in Paper II, a solution for this problem is to use a filter given by the product of two identical filters with n = 2, which will enhance the noise removal, without introducing concentric rings. In this case, we opted to use the product of two identical circular filters (equation 2 in Paper II). Fig. 8 shows images, at an intermediate wavelength, of the W0 data cube of HZ 44 filtered with a simple circular filter, with n = 2 and a cut-off frequency of 0.16 Ny, and with a squared circular filter, with n = 2 and a cut-off frequency of 0.18 Ny. We can see that the filtering performed with a squared circular filter removed more noise, without introducing concentric rings. Therefore, we conclude that, similarly to the case of SINFONI data cubes, this approach is the most adequate to be used in GMOS/IFU data cubes. It should be noted that, as can be seen in Fig. 8 , the difference between the data cubes filtered with a simple circular filter and with a squared circular filter is subtle, so, although it is not an optimized approach, a simple circular filter, with n = 2, can also be used in the Butterworth spatial filtering of GMOS/IFU data cubes. The appropriate cut-off frequency of the filtering procedure changes considerably, depending on the PSF of the observation. Usually, values between 0.16 and 0.25 Ny produce good results, without compromising the PSF, in GMOS/IFU data cubes. Fig. 9 shows images, at an intermediate wavelength, of the original data cube of HZ 44 (without any wavelet decomposition) before and after the Butterworth spatial filtering. In order to show in detail the high spatial-frequency noise removed by the Butterworth spatial filtering, the difference between the images of the filtered and non-filtered data cubes is also shown in Fig. 9 . The morphology of the high spatial-frequency noise is considerably different from that of the noise observed in NIFS and SINFONI data cubes (Figs. 18 and 12 in Papers I and II, respectively), which appeared as vertical and horizontal stripes across the FOV. Since NIFS and SINFONI work with image slicers, which sample the FOV with slices along the vertical and horizontal axes, we believe that the high spatial-frequency noise detected in the data cubes obtained with these instruments is probably related to this mechanism. The GMOS/IFU FOV, on the other hand, is sampled by lenslets, each one connected to a fibre. Considering that and the morphology of the high spatial-frequency noise in Fig, 9 , we conclude that such noise is probably related to the lenslet/fibre mechanism of GMOS/IFU. Although a detailed evaluation about the origin of the high spatial-frequency noise in GMOS/IFU data cubes is beyond the scope of this paper, a few details about this topic should be discussed. The lenslets/fibres are packed in a way that there is no empty space between them. On the other hand, during the construction of the data cubes (at the end of the data reduction), in order to obtain flux values distributed along the spaxels in the images of the data cubes, it is necessary to interpolate the values, originally distributed according to the packing of the lenslets/fibres. Such interpolation can introduce high-frequency components and may be the cause of the observed high spatial-frequency noise.
'INSTRUMENTAL FINGERPRINT' REMOVAL
The GMOS/IFU data cubes usually show an instrumental feature that appears as vertical stripes across the FOV, with a low-frequency spectral signature. This instrumental fingerprint is considerably more intense than the one we detected in NIFS data cubes (Paper I) and is at least as intense as the fingerprint detected in SINFONI data cubes (Paper II), but with different spatial and spectral characteristics. Such characteristics are essentially the same for the fingerprints observed in the data cubes obtained with GMOS-North and GMOS-South. In the following sections, we explain the two methods we use for removing the instrumental fingerprint from GMOS/IFU data cubes. The first one is based on the Principal Component Analysis (PCA) Tomography technique (Steiner et al. 2009 ), which consists of applying the PCA method (Murtagh & Heck 1987; Fukunaga 1990 ) to data cubes. The second involves the wavelet decomposition, together with PCA Tomography (W-PCA Tomography). It is worth mentioning that the combination of the wavelet decomposition and PCA techniques has already been used in a previous study to remove high spatial-frequency noise from data cubes (Riffel et al. 2011) . However, the procedure we adopt here has certain differences and is focused on the removal of the instrumental fingerprint (and not the high spatial-frequency noise, which has already been removed with the Butterworth spatial filtering).
Removal with PCA Tomography
This is the same approach described in Papers I and II to remove the instrumental fingerprint from NIFS and SIN-FONI data cubes, although the characteristics of the effect are somewhat different in this case. The first step of the procedure consists of removing the main absorption and emission lines from the data cube, which is necessary, as the fingerprint is related to the spectral continuum and not to the spectral lines. After that, the PCA Tomography technique is applied to the data cube without the spectral lines and the eigenvectors related to the fingerprint are identified. We then fit splines to the eigenspectra related to the fingerprint, taking into account only the low spectral-frequency pattern. Using these fitted splines and also the corresponding tomograms, we construct a data cube containing only the instrumental fingerprint. This last step is performed with the fitted splines, instead of the original eigenspectra, because we know that the fingerprint has a low-frequency spectral signature. Therefore, by constructing the data cube with these splines, we avoid that the result contains information associated with high spectral-frequency structures, which are not related to the instrumental fingerprint. Finally, the data cube containing only the fingerprint is subtracted from the original data cube. The GMOS-South and GMOS-North CCDs were replaced on 2014 June and 2017 February, respectively. We verified that such replacements changed the main aspects of the instrumental fingerprint of these spectrographs. In order to give an example of the instrumental fingerprint before the CCD replacement, we used a data cube of the central region of the galaxy NGC 1316, which was observed with GMOSSouth. Fig. 10 shows eigenspectrum E4, together with the spline fitted to the eigenspectrum and the corresponding tomogram, obtained by applying PCA Tomography to the data cube of NGC 1316, after the removal of the main spectral lines. The low-frequency pattern of the fingerprint can be seen in the eigenspectrum, while the spatial morphology of the fingerprint, in the form of a broad vertical stripe, appears clearly in the tomogram. Different types of analyses can be affected by this instrumental fingerprint. One example of such an analysis involves the subtraction of images of different wavelength intervals in the data cube to identify regions with redder colours than others, which may be due to dust extinction. Fig. 11 shows the result obtained, from the data cube of NGC 1316 before the instrumental fingerprint removal, by subtracting the image of the wavelength interval 5652 − 5712Å from the image of 5512 − 5572Å. Redder regions should appear dark in this image; however, the impact of the instrumental fingerprint in this analysis is very clear. The same result obtained from the data cube of NGC 1316 after the instrumental fingerprint removal is also shown in Fig. 11 . The improvement is evident, as the stripe corresponding to the fingerprint is not visible anymore. In order to provide more details about the spatial morphology of the fingerprint, Fig. 11 shows the difference between the images from the data cubes before and after the instrumental fingerprint removal. Another example of an analysis that can be significantly affected by this instrumental feature involves the spectral synthesis, which is often used to perform the stellar archaeology of an object.
A good example of the instrumental fingerprint after the CCD replacement is given by the data cube of the central region of the galaxy NGC 157. Fig. 12 shows eigenspectrum E4, together with the spline fitted to the eigenspectrum and the corresponding tomogram, provided by the PCA Tomography of the data cube of NGC 157, after the removal of the main spectral lines. We can see certain differences relative to the fingerprint before the CCD replacement. First, the spectral signature of the fingerprint in Fig. 12 has a larger number of bumps than that in Fig. 10 . The eigenspectrum in Fig. 12 also shows features similar to "steps" that are not clearly visible in the eigenspectrum in Fig. 10 . Besides that, the number of vertical stripes across the FOV is higher in the tomogram in Fig. 12 than in the tomogram in Fig. 10 . Following the approach adopted for the data cube of NGC 1316, Fig. 13 shows the results obtained, from the data cubes of NGC 157 before and after the instrumental fingerprint removal, by subtracting the image of the wavelength interval 5304 − 5401Å from the image of 6383 − 6480Å. Again, the improvement provided by our procedure for removing the instrumental fingerprint is significant. The examples above involve data cubes obtained with GMOS-South; however, the results are similar for GMOS-North data cubes.
Removal with W-PCA Tomography
In certain situations, we verified that the PCA Tomography technique alone is not able to completely isolate the fingerprint in specific eigenvectors. As a consequence, traces of the fingerprint remain mixed with other physical phenomena in different eigenvectors and end up not being removed. In these situations, it is advisable to use the W-PCA Tomography approach, which combines PCA Tomography with the wavelet decomposition. The first step of this pro- Figure 11 . Left: image obtained, from the data cube of the central region of the galaxy NGC 1316 before the instrumental fingerprint removal, by subtracting the image of the wavelength interval 5652 − 5712Å from the image of the wavelength interval 5512 − 5572Å. Centre: the same as in the image on the left, but from the data cube of NGC 1316 after the instrumental fingerprint removal. Right: difference between the two previous images. The structure corresponding to the instrumental fingerprint before the CCD replacement appears very clearly in the image on the left, but it is absent in the image at the centre. Figure 12 . Eigenspectrum E4, showing the low-frequency pattern of the GMOS/IFU instrumental fingerprint (after the CCD replacement), and the corresponding tomogram, showing the spatial morphology of the fingerprint, obtained by applying PCA Tomography to the data cube of the central region of the galaxy NGC 157, after the removal of the spectral lines. The spline fitted to the eigenspectrum is shown in red. The spectral signature has a larger number of bumps than that in Fig. 10 . The number of vertical stripes in the tomogram is also higher than in Fig. 10. cedure is, again, the removal of the main absorption and emission lines. Then we apply the wavelet decomposition to the data cube without the main spectral lines. After that, the PCA Tomography technique is applied to each wavelet data cube and the eigenvectors associated with the fingerprint are identified. Splines are fitted to the eigenspectra related to the fingerprint and, finally, a data cube containing only the instrumental fingerprint is constructed, using the fitted splines and the corresponding tomograms, and subtracted from the original data cube. Therefore, the difference between the approaches involving PCA Tomography and W-PCA Tomography is that, in the former, PCA Tomography is applied to the data cube without the main spectral lines, while, in the latter, PCA Tomography is applied to the wavelet data cubes resulting from the wavelet decomposition of the data cube without the main spectral lines. The main advantage of W-PCA Tomography is that, by separating spatial structures corresponding to different spatial frequencies, the wavelet decomposition may be able to separate the fingerprint from other physical phenomena. Then, when PCA Tomography is applied to the wavelet data cubes, the fingerprint is well isolated in one or more eigenvectors, which, as mentioned before, may not be possible, in some cases, when PCA Tomography is applied directly to the data cube without the main spectral lines.
We applied the W-PCA Tomography process to remove the instrumental fingerprint of the data cube of the central region of NGC 1399, obtained with GMOS-South, as the PCA Tomography procedure was not able to completely remove the fingerprint from this data cube. Fig. 14 shows some eigenspectra related to the instrumental fingerprint, together with the fitted splines and the associated tomograms, provided by PCA Tomography of the wavelet data cubes of NGC 1399. We can see that PCA Tomography isolated the fingerprint (which was decomposed by the wavelet algorithm in components with different spatial frequencies) in a number of eigenvectors, without significant contaminations by other phenomena. Similarly to the cases of NGC 1316 and NGC 157, the great efficacy of the W-PCA Tomography technique can be seen in the subtraction of the image of the wavelength interval 5750 − 5862Å from the image of 5978 − 6090Å (Fig. 15) , performed before and after the instrumental fingerprint removal of the data cube of NGC 1399. W-PCA Tomography produces similar results for GMOS-South and GMOS-North data cubes obtained before and after the CCD replacement.
The cause of the GMOS/IFU instrumental fingerprint is not known yet. Scattered light in the instrument is certainly a possibility that must be taken into account. However, the observed spectral pattern, especially after the CCD replacement, seems to suggest a different origin for this feature. Each GMOS CCD is read out through a number of amplifiers. Bias and gain level differences between such amplifiers would result in this pattern. Although such differences should have been corrected during the data reduction, residual effects not removed by the data reduction seem to be a plausible explanation for the observed instrumental fingerprint in GMOS/IFU data cubes. 
RICHARDSON-LUCY DECONVOLUTION
A deconvolution is an iterative procedure used to obtain the opposite effect of a convolution and can be used in astronomy to improve the spatial resolution of ground-based observations. For more details, see Papers I and II. As the last step in our treatment procedure, we apply the RichardsonLucy deconvolution (Richardson 1972; Lucy 1974) to each image of GMOS/IFU data cubes. Although this is the same method we use for the treatment of NIFS and SINFONI data cubes (see Papers I and II), the specific details of the process show significant differences.
The first point that must be considered is related to the profile of the PSF. Fig. 16 shows the horizontal brightness profile of an intermediate-wavelength image of the data cube of HZ 44, together with a Gaussian fit and a Moffat fit. Although these two functions reproduce the main aspects of the profile, the wings of the PSF are better reproduced by a Moffat fit. This can be easily observed in the fractional residuals [(Obs-Fit)/Obs], also shown in Fig. 16 . Therefore, we conclude that, in the case of GMOS/IFU data cubes, the best estimate for the profile of the PSF of the observation, which is a required parameter to perform the RichardsonLucy deconvolution, is given by a Moffat function. However, our tests revealed that deconvolutions performed assuming Gaussian PSFs also result in good improvements of the spatial resolution of the observations.
The second point that must be evaluated is the way the PSF varies with the wavelength. In Papers I and II, we applied the Richardson-Lucy deconvolution to NIFS and SINFONI data cubes assuming a constant PSF along the spectral axis of the data cube. However, our tests revealed that such a variation of the PSF with the wavelength is more significant in the case of GMOS/IFU data cubes and, therefore, cannot be ignored. Fig. 17 shows a graph with the values of log(FWHM) of the PSF as a function of log(λ) (with λ corresponding to the wavelength, in Angstroms), obtained from the data cube of HZ 44. The values of FWHM were determined by making images of a number of wavelength intervals, with 15Å each, of the data cube of HZ 44 and then by fitting Moffat functions to these images. The graph in Fig. 17 also shows a linear fit, which reproduces very well the behaviour of the observed points. Therefore, we conclude that the values of FWHM(λ) of the PSF of GMOS/IFU data cubes are given by the following relation:
where FWHM ref is the value of FWHM at λ ref . Our tests showed that α is normally in the range of -0.35 to -0.25 for GMOS/IFU data cubes. The average value of α = -0.3 produces good results for most of the situations. Similarly to the cases of NIFS and SINFONI data cubes, we verified that the Richardson-Lucy deconvolution provides the best results with a number of iterations between 6 and 10. A deconvolution performed with less than six iterations will not result in a considerable improvement of the spatial resolution. On the other hand, a number of iterations higher than 10 will cause an amplification of the low-frequency spatial noise. We applied the Richardson-Lucy deconvolution, with 6 and 10 iterations, to the data cube of HZ 44, using a Moffat wavelengthdependent PSF given by equation (1) , using 6 and 10 iterations, respectively. Our previous experiences show that the FWHM of the PSF of a deconvolved GMOS/IFU data cube in a given wavelength is ∼ 68% − 81% of the original value, for a number of iterations between 6 and 10. It is worth mentioning that, if the deconvolution is applied to a GMOS/IFU data cube with larger spaxels (with 0.1 or 0.2 arcsec), the improvements in the spatial resolution are not so high and the FWHM of the final PSF is usually ∼ 85% of the original value. We can also see, in the graphs in Fig. 17 , that the deconvolution does not change significantly the relation between FWHM and λ or the values of α. Figure 14 . Examples of the eigenspectra, and of the corresponding tomograms, related to the instrumental fingerprint in the data cube of the central region of NGC 1399, provided by the PCA Tomography technique applied to the W 1 , W 2 and W 3 data cubes, resulting from the wavelet decomposition. The splines fitted to the eigenspectra are shown in red. The spectral signature and the spatial morphology (with different spatial frequencies) of the instrumental fingerprint can be easily seen.
COMPARISON WITH HST IMAGES
The improvements in the images of GMOS/IFU data cubes provided by the treatment procedures described in the previous sections are evident. However, at this point, one could ask: Do these treatment processes introduce distortions or even ghost features in the images of the data cubes? Are the spatial structures of the observed object really preserved after the data treatment? In order to answer these questions, we compared images from the GMOS/IFU data cubes of the central regions of the galaxies NGC 1313, NGC 5236 and NGC 7424 with HST images of these same objects.
All the HST images were retrieved from the HST data archive. NGC 1313 was observed on 2004 July 7, using the Advanced Camera for Surveys (ACS) with the F555W filter. One 680 s exposure was retrieved. NGC 5236 was observed on 2016 January 21, using the Wide Field Camera 3 (WFC3), also with the F555W filter. One 1452 s exposure was retrieved. Finally, NGC 7424 was observed on 1994 July 16, using the Wide Field Planetary Camera 2 (WFPC2) with the F606W filter. In this case, two 80 s exposures were retrieved and an average of the images was calculated.
First of all, we integrated the treated and non-treated data cubes of the three objects, along their spectral axes, taking into account the transmission curves of the HST filters used for the observation of each galaxy. For this analysis, we took, as the non-treated data cube, the result obtained after the correction of the DAR and the combination of data cubes in the form of a median. We rotated the HST images to match their orientations with the ones of the data cubes of the corresponding objects. After that, we trimmed the HST images, so that their final FOVs were the same of the corresponding GMOS/IFU data cubes. In order to obtain a representative GMOS/IFU PSF, we constructed, for each galaxy, a data cube containing, in each frame, the Moffat profile corresponding to the PSF in that specific wavelength, before the Richardson-Lucy deconvolution. The PSF profile for each wavelength was obtained taking into account the value of F W HM ref provided by the acquisiton image, taken at λ ref = 6300Å, and also the relation between the FWHM of the PSF and the wavelength (equation 1) provided by the data cube of the standard star used in the data reduction. We then applied the Richardson-Lucy deconvolution to the obtained PSF data cube, with the same parameters used in the deconvolution of the science data cube. Finally, following the same approach mentioned above, we integrated the deconvolved PSF data cube, along its spectral axis, taking into account the transmission curve of the HST filter used for the observation of the corresponding galaxy. The resulting image was taken as the representative PSF of the treated GMOS/IFU data cube of this galaxy. Each representative PSF was then convolved with the rotated and resized HST image of the galaxy. Fig. 18 shows the (rotated and resized) HST images of the galaxies NGC 1313, NGC 5236, and NGC 7424, before and after the convolution with the representative PSFs of the corresponding treated data cubes. The integrated images of the treated and nontreated data cubes of the galaxies are also shown in Fig. 18 . It is easy to see the great consistency between the integrated images of the treated data cubes and the convolved HST images. Structures like apparent spiral arms in NGC 5236 and stellar clusters or even individual stars in NGC 1313 and NGC 7424, which are easily identified in the convolved HST images, also appear clearly in the images of the integrated treated data cubes. In addition, a comparison between the integrated images of the treated and non-treated data cubes reveals the great improvement provided by our treatment procedure. In particular, the effects of the instrumental fingerprint, which compromise considerably the visualization of the spatial structures in the non-treated data cubes, are essentially absent in the integrated images of the treated data cubes. These results certainly indicate that the treatment procedure presented in this work not only improves the quality of the images of the data cubes but also does not compromise the morphology of the spatial structures or introduce possible ghost features.
A SCIENTIFIC EXAMPLE: NGC 2835
The study of the nuclear regions of galaxies is a very important topic, as it can reveal relevant information about the formation and evolution of these objects. While some galaxies have a nuclear spectrum showing only a stellar continuum and absorption lines, other objects show emission lines superimposed to the stellar nuclear spectrum. Besides an appropriate starlight subtraction, the analysis of the nuclear emission-line properties of galaxies usually involves diagnostic diagrams (Baldwin, Phillips & Terlevich 1981) , which are essentially graphs of different emission-line ratios that can separate the line-emitting objects in H II regions, Seyfert galaxies and Low Ionization Nuclear Emission-Line Regions (LINERs). An example of a diagnostic diagram of Fig. 19 . Seyfert galaxies form a class of the so-called active galactic nuclei (AGNs), which are characterized by emission-line spectra that cannot be attributed to stellar processes. According to their spectral and photometric properties, AGNs are divided into different classes, like quasars, Quasi Stellar Objects (QSOs), Seyfert galaxies, radio galaxies, etc. Today it is well accepted that the energy emitted by AGNs comes from matter accretion onto a central supermassive black hole (SMBH). This mechanism, with a lower ionization parameter, has also been proposed to explain the observed spectral properties of LINERs (Ferland & Netzer 1983; Halpern & Steiner 1983) . Therefore, LINERs are usually interpreted as another class of AGNs. However, it is known that other processes like shock heating (Heckman 1980; Dopita & Sutherland 1995 , 1996 , photoionization by young stars (? Filippenko & Terlevich 1992; Shields 1992) and photoionization by post-AGB stars (Binette et al. 1994; Stasinska et al. 2008; Cid Fernandes et al. 2010; Eracleous, Hwang & Flohic 2010) can also generate emission-line ratios typical of LINERs. This suggests that LINERs may be a heterogeneous class of objects.
We are conducting the Deep IFS View of Nuclei of Galaxies (DIV IN G 3D ) survey (PI: J. E. Steiner), whose purpose is to observe, using the GMOS/IFU, the central region of all southern galaxies brighter than B = 12.0. The methodologies described in the previous sections are being used in the treatment of all data cubes obtained for this sur- 
vey. One of the main goals of the DIV IN G
3D project is to analyse the properties of the nuclear emission-line spectra of all galaxies in the sample. More specifically, we want to determine, for example, the fraction of galaxies, with different morphological types, with a nuclear emission consistent with that of LINERs or Seyferts. Ho (2008) analysed long-slit spectra of the central regions of all northern galaxies brighter than B = 12.5 (PALOMAR survey). They verified that ∼50 -70 % of the galaxies with morphological types E -Sb can be classified as Seyferts, LINERs, or Transition objects (which correspond to the objects that fall, on a diagnostic diagram, between the empirical division between H II regions and AGNs of Kauffmann et al. 2003 and the maximum limit for the ionization by a starburst of Kewley et al. 2001 -see Fig. 19 ). On the other hand, only ∼20 % of the galaxies with morphological types Sc -Sm show this AGN-type emission. The difficulty of detecting low-luminosity AGNs, however, may affect these fractions. This is especially problematic in the case of late-type galaxies, whose strong emission from H II regions may obfuscate the emission from possible lowluminosity AGNs. Data obtained with IFUs have been used in recent studies to search for hidden nuclear sources (e.g. Belfiore et al. 2016; Wylezalek et al. 2018) . By using high spatial and spectral resolution GMOS/IFU data cubes, we believe we will be able to detect considerably faint AGNs and possibly alter the values of the fractions mentioned before. Examples of detections of faint AGNs in GMOS/IFU data cubes, treated with our treatment procedure, can be found in Ricci, Steiner & Menezes (2011); Ricci, Steiner & Menezes (2014a,b) .
As shown in the previous sections, artefacts like high spatial-frequency noise or instrumental fingerprints may have a significant impact on GMOS/IFU data cubes and, as a consequence, may compromise different analyses performed with these data. One example of such an analysis involves the search for low-luminosity AGNs. In order to show how this type of analysis can be considerably affected by instrumental artefacts, we used the data cube, from the DIV IN G 3D sample, of the central region of the SB(rs)c galaxy NGC 2835, located at a distance of 10.36 Mpc (NASA Extragalactic Database -NED). There is not much information in the literature about this object. The data cube of this galaxy was treated with all the methodologies described before. We corrected the treated and non-treated data cubes of NGC 2835 for the interstellar extinction due to the Galaxy, using AV = 0.274 mag (Schlafly & Finkbeiner 2011) and the extinction law of Cardelli, Clayton & Mathis (1989) , and passed them to the rest frame, using z = 0.002955 (NED). We also sampled the spectra with ∆λ = 1Å. Fig. 20 shows images of the wavelength interval 6581 − 6587 A(corresponding to the [N II] λ6584 emission line), after the subtraction of an image of the underlying stellar continuum, from the treated and non-treated data cubes of NGC 2835. The non-treated image is very noisy and does not show clear line-emitting regions. Traces of large vertical stripes, possibly related to the instrumental fingerprint, can also be seen in the non-treated image. On the other hand, two compact line-emitting regions (Regions 1 and 2, from now on) can be seen in the treated image, one of them (Region 1) coinciding with the stellar nucleus.
In order to analyse the emission-line spectra of the two emitting regions detected in the treated data cube of NGC 2835, we extracted spectra from circular regions, with a radius of half of the FWHM of the PSF at the median wavelength of the data cube, centred on each one of these regions. Such spectra were extracted from the treated and non-treated data cubes. In the case of the non-treated data cube, the FWHM of the PSF at the median wavelength of Figure 18 . HST images of the central regions of the galaxies NGC 1313, NGC 5236 and NGC 7424 before and after the convolution with the representative PSFs of the corresponding treated GMOS/IFU data cubes. The FOV and orientation of the HST images were taken as the same of the corresponding GMOS/IFU data cubes. In order to establish a comparison, the images of the treated and non-treated GMOS/IFU data cubes of these three galaxies, integrated along the spectral axis, taking into account the transmission curves of the HST filters used for the observations, are also shown. Ho, Filippenko & Sargent (1997) . The magenta curve corresponds to an empirical division between H II regions and AGNs determined by Kauffmann et al. (2003) , the cyan curve represents the maximum limit for the ionization by a starburst obtained by Kewley et al. (2001) and the green curve corresponds to the division between LINERs and Seyferts determined by Schawinski et al. (2007) . The regions corresponding to Seyfert galaxies, LINERs, Transition objects and H II regions However, the treated image shows two compact line-emitting regions, marked on the image, from which the spectra shown in Fig. 21 were extracted.
Lucy deconvolution of GMOS/IFU data cubes (see Section 6). We then performed a stellar continuum subtraction of the extracted spectra with the Penalized Pixel Fitting procedure (pPXF -Cappellari 2017). This method combines template stellar population spectra from a base, convolved with a Gauss-Hermite expansion, to fit the stellar spectrum of a given object. In this case, we used a base of stellar population spectra based on Medium-resolution Isaac Newton Telescope Library of Empirical Spectra (MILES; Sánchez-Blázquez et al. 2006) . Besides providing stellar kinematic parameters like the stellar radial velocity, the stellar velocity dispersion and the Gauss-Hermite coefficients h3 and h4, this method also results in a synthetic stellar spectrum, corresponding to the fit of the stellar component of the observed spectrum. We subtracted these synthetic stellar spectra provided by pPXF from the spectra extracted from the treated and non-treated data cubes of NGC 2835. Fig. 21 shows the red portion of all the extracted spectra, together with the fits provided by pPXF and the fit residuals. The blue portion of these spectra is not shown here because it does not reveal any relevant emitting feature. The fit residuals of the spectrum of Region 1 extracted from the non-treated data cube are very noisy and it is not possible to confirm the detection of any emission line. On the other hand, the fit residuals of the spectrum of this same region extracted from the treated data cube are considerably different and show the Hα, [N II] λλ6548,6584 and [S II] λλ 6716,6731 emission lines. We obtained an emission-line ratio of [N II] λ6584/Hα(1) treated = 1.2 ± 0.3 for this spectrum. As can be seen in Fig. 19 , such ratio indicates the presence of a Transition object or of a LINER or a Seyfert. Unfortunately, without the [O III] λ5007/Hβ ratio, it is not possible to precisely determine the classification of this object. Even so, based on the low number of Transition Objects detected by Ho, Filippenko & Sargent (1997) with [N II] λ6584/Hα values compatible with [N II] λ6584/Hα(1) treated and also on the fact that Seyfert nuclei are usually more luminous than the nucleus of NGC 2835, we conclude that this galaxy probably hosts a LINER, although the classifications of Transition Object or Seyfert cannot be ruled out. The Hα and [N II] λλ6548,6584 emission lines are also visible in the fit residuals of the spectra of Region 2 extracted from the treated and non-treated data cubes of NGC 2835. However, the noise in the spectrum from the treated data cube is much lower. The calculated emission-line ratios for the spectra of Region 2 from the treated and non-treated data cubes are [N II] λ6584/Hα(2) treated = 0.42 ± 0.07 and [N II] λ6584/Hα(2) non−treated = 0.40±0.17, respectively. The two values are compatible, at a 1σ level, but, as expected, the reduced noise in the spectrum from the treated data cube resulted in a lower uncertainty for the emission-line ratio. As Fig. 19 shows, this emission-line ratio is consistent with that of an H II region, a Transition object or even a Seyfert galaxy. Based on the low luminosity of this emitting region and also on the low number of Seyfert galaxies observed by Ho, Filippenko & Sargent (1997) The previous results show that, without our data treatment, it would not have been possible to detect a Seyfert/LINER/Transition object emission in the nucleus of NGC 2835. The same would probably happen with other objects with faint emission lines. This problem would affect any analysis of GMOS/IFU data cubes focused on the determination of the fraction of galaxies, with different morphological types, with a central Seyfert/LINER/Transition object emission. Considering that, we conclude that the treatment procedure we presented in this work not only improves the appearance of the images of GMOS/IFU data cubes, but actually removes a number of artefacts that could potentially compromise different types of analyses.
SUMMARY AND CONCLUSIONS
We presented a set of treatment techniques to be applied to GMOS/IFU data cubes, including correction of the DAR, Butterworth spatial filtering, instrumental fingerprint removal, and Richardson-Lucy deconvolution. This treatment procedure has the purpose of improving the quality of the data by removing artefacts, like high spatial-frequency noise and the instrumental fingerprint, and also by improving the spatial resolution of the observation. The main conclusions of this work are:
• The spatial displacements, along the spectral axis, caused by the DAR effect in GMOS/IFU data cubes can be comparable or even larger than the typical spatial resolutions of this instrument. Therefore, this effect can compromise the analysis of the data and must be removed. The proposed practical and theoretical approaches for removing the DAR are both very efficient and result in precisions between 1 and 10 mas for the final positions of the spatial structures along the spectral axis of the data cubes.
• GMOS/IFU data cubes show a high spatial-frequency noise whose morphology suggests that it is related to the lenslet/fibre working mechanism of the instrument. Part of the noise is also introduced by the spatial resampling, when the data cube is reduced with spaxels smaller than 0.2 arcsec. A Butterworth spatial filtering, with a squared circular filter with order n = 2 and cut-off frequencies between 0.16 and 0.25 Ny, removes most of the high spatial-frequency noise, without introducing artefacts or degrading the PSF.
• Similarly to NIFS and SINFONI data cubes, GMOS/IFU data cubes often show an instrumental fingerprint, with a low-frequency spectral signature, that takes the form of vertical stripes across the images. In most cases, our removal technique, with PCA Tomography, can efficiently isolate and remove the fingerprint. However, in certain situations, when PCA Tomography alone is not able to completely isolate the fingerprint from other physical phenomena in the data cube, it is advisable to remove the fingerprint with the W-PCA Tomography approach, which combines PCA Tomography and the wavelet decomposition.
• The profile of the PSF of GMOS/IFU data cubes takes the form of a Moffat function, although a Gaussian func-tion also reproduces the main aspects of such a profile. The FWHM of the PSF varies with the wavelength according to Equation (1), with α normally in the range of -0.35 to -0.25. The Richardson-Lucy deconvolution, with a number of iterations between 6 and 10 and assuming a Moffat or even a Gaussian function, improves considerably the spatial resolution of a GMOS/IFU data cube, resulting in a PSF with an FWHM ∼ 68% − 81% of the original value. The deconvolution does not change significantly the relation between the FWHM of the PSF and the wavelength.
• A comparison with HST images shows that the treatment procedure does not introduce distortions or ghost features in the images of GMOS/IFU data cubes.
• The use of the treatment procedure in the data cube of the central region of the late-type galaxy NGC 2835 allowed the detection of a nuclear emitting region, whose emissionline spectrum is probably of a LINER, although the classifications of Transition Object or Seyfert galaxy cannot be discarded. Without the data treatment, such a detection was not possible, due to the fact that the faint emission lines were immersed in a considerable spectral noise. This result shows that our treatment procedure not only improves the appearance of the images of GMOS/IFU data cubes, but actually removes a number of artefacts that could potentially compromise different types of analyses performed with the data cubes. 
